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The  effects  of  different  cell  positive  cans  and  separators  on  first-cycle  Coulombic  efficiency  and  long-term 
cycling  stability  of  a  high-voltage  spinel  cathode  are  investigated  systematically.  Compared  to  stainless 
steel  (SS)  positive  cans,  aluminum  (Al)-clad  SS-316  positive  cans  are  much  more  resistant  to  oxidation  at 
high  voltages;  therefore,  the  initial  Coulombic  efficiency  of  the  batteries  with  Al-clad  can  is  improved  by 
more  than  13%.  Among  the  five  separators  studied  in  this  work,  the  polyethylene  (PE)  separator  exhibits 
the  best  electrochemical  stability.  The  cells  using  LiCr0.05Ni0.45Mn1.5O4  as  the  cathode,  an  Al-clad  positive 
can,  and  a  PE  separator  exhibits  a  first-cycle  Coulombic  efficiency  of  about  90%  and  a  capacity  fading  of 
only  0.01%  per  cycle. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  energy  densities  and  cycling  stabilities  of  state-of-the-art 
lithium  (Li)-ion  batteries  still  are  not  sufficient  to  meet  require¬ 
ments  set  by  the  U.S.  Department  of  Energy  for  electric  vehicles 
[1—4].  Significant  efforts  have  been  made  worldwide  to  increase  the 
energy  densities  of  Li-ion  batteries  by  employing  cathode  materials 
with  higher  specific  capacities  and/or  higher  operating  voltages. 
High-voltage  spinel  cathode  materials,  such  as  LiNio.5Mn1.5O4  and  its 
doped  analogs  [5—11  ],  have  a  flat  voltage  profile  of  about  4.75  V  vs. 
Li/Li+  and  a  theoretical  specific  energy  of  about  650  Wh  kg-1,  which 
are  20%  and  30%  higher  than  those  of  conventional  LiCo02  and 
LiFeP04  materials  [12],  respectively.  However,  the  first-cycle  effi¬ 
ciencies  of  high-voltage  spinel  cathode  materials  reported  in  liter¬ 
ature  are  relatively  low,  only  in  the  range  of  75  ~  84%  [6,8,9,13].  For 
example,  an  initial  efficiency  of  75%  was  reported  for  LiNio.5Mn1.5O4 
spinel  by  Shaju  and  Bruce  [6],  and  for  LiNio.5Mn1.2Tio.3O4  by  Liu  et  al. 
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[8[.  Sun  et  al.  [9]  and  Zhang  et  al.  [13]  obtained  slightly  higher 
first-cycle  efficiencies  for  LiNio.5Mn1.5O4  (80.6%  and  83.6%,  respec¬ 
tively).  However,  the  reasons  for  these  low  initial  Coulombic  effi¬ 
ciencies  are  not  well  understood. 

In  our  early  studies  on  high-voltage  cathode  materials  such  as 
Li2CoP04F  [14]  and  LiNio.5Mn1.5O4  [15],  we  found  that  the  non- 
electrochemically  active  materials  significantly  affect  the  perfor¬ 
mances  of  the  high-voltage  cathode  materials.  These  non-active 
materials  include  the  positive  cans  of  coin  cells,  separators,  and 
electrolytes.  Very  recently,  Dahn  and  coworkers  [16]  reported  that 
the  corrosion  of  SS  hardware  for  coin  cells  at  high  potentials  may 
affect  the  performance  evaluation  of  the  high-voltage  cathode 
materials.  Localized  corrosion  observed  when  the  cells  were 
charged  to  4.6  V  was  attributed  to  the  existence  of  hydrogen  fluo¬ 
ride  (HF)  in  the  non-aqueous  electrolyte.  However,  Dahn  and 
coworkers  used  positive  cans  (without  active  cathode)  as  the 
working  electrodes  in  their  study  and  did  not  report  the  effect  of 
the  positive  can  on  the  performance  of  cathode  materials.  In  this 
work,  we  systematically  investigated  the  effects  of  positive  cans 
and  separators  on  cell  performance,  especially  on  the  first-cycle 
efficiency  and  long-term  cycling  stability  of  a  5%  chromium 
(Cr)-doped  LiNio.5Mn1.5O4  material  (i.e„  LiCr0.05Ni0.45Mn1.5O4).  The 
results  obtained  from  our  work  also  can  be  applied  to  the  selection 
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of  appropriate  active  and  non-active  materials  used  in  other  high- 
voltage  battery  systems. 

2.  Experimental 

In  this  study,  CR2032  type  coin  cell  kits  (including  positive  cans, 
negative  covers,  spacers,  and  springs  all  made  of  SS-316,  Al-clad  SS- 
316  positive  cans,  and  polypropylene  [PP]  gaskets)  were  purchased 
from  MTI  Corporation.  The  separators  were  supplied  by  Celgard, 
including  Celgard  K1640  monolayer  PE  membrane,  Celgard 
2500  monolayer  PP  membrane,  Celgard  2325  trilayer  PP/PE/PP 
membrane,  and  Celgard  3501  surface-modified  PP  membrane.  A 
polyvinylidene  fluoride  (PVDF)  separator  also  was  investigated  and 
compared  with  polyolefin  separators.  The  PVDF  separator  was 
prepared  by  coating  a  thin  PVDF  layer  onto  the  Celgard  2500  PP 
membrane.  In  the  coating  process,  the  Celgard  2500  separator  was 
immersed  in  a  1%  PVDF/acetone  solution  for  1  min,  removed  from 
the  solution  to  allow  the  acetone  to  evaporate,  and  then  dried  in 
a  vacuum  oven  for  several  hours. 

The  high-voltage  cathode  material  LiCro.05Nio.45Mn1.5O4  was 
synthesized  by  ball  milling  a  mixture  of  L^CCH,  NiO,  Cr203,  and 
MnC03  (all  from  Sigma— Aldrich)  in  stoichiometric  amounts  for  4  h. 
The  milled  material  was  heat  treated  at  900  °C  for  24  h  in  air  and 
further  annealed  at  700  °C  for  8  h.  The  synthesis  process  and 
characterization  of  this  material  were  reported  elsewhere  [15],  The 
cathode  sheet  was  prepared  by  casting  a  slurry  of  LiCro.05- 
Nio.45Mn1.5O4,  super  P  (SP,  from  Timcal),  and  PVDF  (Kynar  HSV900, 
from  Arkema  Inc.)  in  an  N-methyl  pyrrolidone  (Aldrich)  solvent 
onto  Al  foil  (from  All  Foils,  Inc.).  The  weight  ratio  of  LiCro.05- 
Nio.4sMni.504:SP:PVDF  was  80:10:10.  After  the  solvent  was  evap¬ 
orated,  the  cathode  sheet  was  pressed  at  3000  psi  for  1  min.  Disks 
with  a  diameter  of  1.27  cm  were  die  cut  and  dried  overnight  under 
vacuum  at  110  °C. 

Half  cells  were  assembled  in  an  argon-filled  MBraun  glove  box 
using  Li  metal  as  the  anode  and  1-M  LiPFg  in  EC/EMC  (3:7  ratio  in 
volume)  as  the  electrolyte.  The  electrochemical  performance  of  the 
coin  cells  was  measured  at  room  temperature  using  an  Arbin  BT- 
2000  battery  tester  (Arbin  Instruments).  The  cells  were  cycled 
between  3.0  and  4.9  V.  Cyclic  voltammetry  (CV)  scans  were  con¬ 
ducted  on  a  CHI  1000A  impedance  analyzer  (CH  Instruments)  at 
a  scan  rate  of  0.01  mV  s_1  measured  between  3.0  and  4.9  V  using 
a  two-electrode  cell  configuration.  The  positive  cans  and  separators 
from  cycled  coin  cells  were  analyzed  by  X-ray  photoelectron 
spectroscopy  (XPS)  with  a  Physical  Electronics  Quantera  Scanning 
X-Ray  Microprobe.  The  samples  were  obtained  from  disassembled 
cells,  washed  three  times  with  anhydrous  EMC,  dried  in  the  ante¬ 
chamber  of  the  glove  box  under  vacuum,  and  mounted  onto  the 
standard  Physical  Electronics  75  mm  x  75  mm  sample  holder  using 
2-56  stainless  steel  screws  inside  a  nitrogen  re-circulated  glove  box 
operated  at  <0.2  ppm  oxygen  and  a  dew  point  of  80  °C.  The  XPS 
system  used  a  focused  monochromatic  Al  Ka  X-ray  (1486.7  eV) 
source  for  excitation  and  a  spherical  section  analyzer.  A  200-pm 
diameter  focused  X-ray  spot  was  used  for  the  analysis.  The  sepa¬ 
rators  from  cycled  coin  cells  were  also  analyzed  by  FTIR  (Bruker 
Optics  Vertex  70  FTIR)  in  transmission  mode  with  a  resolution  of 
4  citT1.  The  separators  were  directly  mounted  on  the  holders  and 
no  other  objects  were  in  the  IR  beam.  %  transmission  was  calculated 
using  air  as  reference.  Density  functional  theory  (DFT)  method  was 
used  to  calculate  highest  occupied  molecular  orbital  (HOMO)  and 
the  lowest  unoccupied  molecular  orbital  (LUMO)  energies  of  model 
polymer  (PE,  PP,  and  PVDF)  materials  to  study  the  electrochemical 
stability  of  PP,  PE  and  PVDF.  The  morphology  of  the  surface 
and  cross-section  of  Celgard  2500  and  PVDF-coated  Celgard 
2500  separators  was  observed  by  scanning  electron  microscopy 
(JSM-5900  Jeol). 


3.  Results  and  discussion 

3.3.  Effect  of  cell  positive  cans 

Fig.  1  compares  the  CV  curves  of  the  coin  cells  using  two 
different  positive  cans  made  of  SS-316  and  Al-clad  SS-316.  In  all 
these  cells,  Celgard  K1640  PE  separators  were  used.  The  small  broad 
redox  peaks  at  ~4.0  V  for  both  cells  are  associated  with  the  Mn3+/ 
Mn4+  redox  couple,  and  the  two  large  sharp  redox  peaks  at  ~4.7  V 
are  attributed  to  the  Ni2+/Ni4+  redox  couple  of  the  LiCro.05- 
Nio.45Mn1.5O4  cathode  [6,17—23]. 

The  first-  and  second-cycle  CV  curves  for  the  SS-316  positive 
cans  show  large  differences  for  the  two  pairs  of  redox  peaks 
ascribed  to  Ni2+/Ni4+  (at  ~4.7  V;  Fig.  1(a)).  These  differences 
mainly  result  from  oxidation  of  the  SS-316  positive  can  when  the 
cell  is  charged  over  4.5  V.  As  reported  by  Dahn  and  coworkers  [16], 
some  metal  oxides  such  as  Fe203  and  always  exist  on  the 

surface  of  commercial  coin  cell  cans  made  of  SS-316.  On  the  other 
hand,  LiPFg-based  electrolytes  always  contain  trace  amount  of  HF 
and  other  acidic  species  generated  by  the  reactions  of  LiPFg  with 
residual  water  in  electrolyte  and  electrodes.  The  protective  layers  of 
Fe203  and  &2O3  may  be  corroded  by  the  acidic  species  at  high 
voltages,  and  chromium  (Cr)  and  iron  (Fe)  ions  may  dissolve  into 
the  electrolyte  [16].  Then,  the  inner  Fe  and  other  metal  elements  in 
the  can  made  of  SS-316  will  be  exposed  to  the  electrolyte  and 
oxidized  during  subsequent  charge  processes.  When  comparing  the 
XPS  results  of  the  SS-316  can  before  and  after  battery  testing 
(shown  in  Fig.  2(a)),  more  and  higher  intensity  iron  peaks  appear  on 
the  surface  of  the  SS-316  positive  can  after  cycling,  which  supports 
the  explanation  stated  above.  The  deposited  elements  of  fluorine 
(F)  and  phosphorus  (P)  are  from  decomposition  of  the  lithium  salt 
LiPFg. 

However,  when  an  Al-clad  SS-316  positive  can  is  used,  the  CV 
curves  in  the  first  two  cycles  are  almost  identical  (Fig.  1(b))  because 
a  thin,  but  dense,  alumina  layer  exists  on  the  surface  of  the  cans. 
This  alumina  protection  layer  does  not  break  down  at  high  voltages 
( ~4.9  V)  and  can  protect  the  inner  SS-316  materials  from  corrosion 
by  HF  and  other  acidic  species  when  the  cell  is  charged  to  more 
than  4.5  V.  This  finding  is  consistent  with  the  XPS  results  shown  in 
Fig.  2(b).  After  cycling,  only  limited  intensity  changes  are  observed 


Fig.  1.  CV  scan  curves  of  Li/LiCro.osNio^sMni.sCU  half  cells  using  a)  an  SS-316  positive 
can  and  b)  an  Al-clad  SS-316  positive  can,  with  a  Celgard  K1640  PE  separator. 
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Fig.  2.  XPS  spectra  of  a)  an  SS-316  positive  can  and  b)  an  Al-clad  SS-316  positive  can  before  and  after  cycling  in  Li/LiCro.o5Nio.45Mni  5O4  half  cells. 


for  the  elements  from  the  XPS  spectra  measured  on  the  surface  of 
Al-clad  cans  —  that  is,  the  decrease  in  intensity  for  oxygen  (0),  Al, 
and  magnesium  (Mg),  the  increase  in  intensity  for  F,  and  the 
appearance  of  P  and  Li,  all  of  which  result  from  depositions  of 
decomposed  electrolyte  salt  and  solvents,  but  not  from  the  SS-316 
cans. 

Fig.  3  compares  the  voltage  profiles  from  the  first  two  charge 
and  discharge  processes  of  the  Li/LiCi'o.osNio/isMni.sCH  half  cells 
using  two  different  positive  cans  with  Celgard  K1640  PE  separators. 
Three  clear  plateaus  appear  at  about  4.05,  4.70,  and  4.78  V  during 
the  charge  process,  and  corresponding  plateaus  at  4.00,  4.65,  and 
4.72  V  during  the  discharge  process  also  are  observed,  which  is 
consistent  with  the  CV  results  shown  in  Fig.  1.  During  the  charge 
process,  the  cell  using  the  SS-316  positive  can  has  a  broader  plateau 


Fig.  3.  Voltage  profiles  of  the  first  two  charge-discharge  processes  of  Li/LiCr0.05 
Nio.45M1i1.5O4  half  cells  using  an  SS-316  can  and  an  Al-clad  SS-316  can,  with  a  Celgard 
K1640  PE  separator. 


between  4.70  and  4.78  V  than  the  cell  using  the  Al-clad  SS-316  can. 
This  result  suggests  that  oxidation  of  the  SS-316  positive  cans 
co-exists  with  the  oxidation  of  Ni2+  in  the  cathode  material.  The 
Coulombic  efficiencies  of  the  Li/LiCro.osNio^sMn!  5O4  cell  using  the 
SS-316  can  are  only  76.4%  and  83.0%  in  the  first  and  second  cycles, 
respectively.  However,  when  using  the  Al-clad  SS-316  can,  these 
efficiencies  can  reach  89.6%  and  95.5%,  respectively.  In  addition  to 
the  formation  of  a  cathode  surface  film  in  the  first  cycle,  the 
increased  irreversible  charge  capacity  for  the  cell  can  be  attributed 
to  oxidation  of  the  SS-316  can  at  high  voltages.  This  result 
demonstrates  that  Al-clad  SS  positive  cans  are  much  more  stable 
against  oxidation  at  high  voltages. 

The  rate  performance  and  long-term  cycling  stability  of  the 
Li/LiCro.o5Nio.45Mn1.504  half  cells  using  SS-316  and  Al-clad  SS-316 
positive  cans  are  shown  in  Fig.  4.  Celgard  K1640  PE  separators  were 
used  in  these  cells.  The  test  program  combined  various-rate  cycling 


Fig.  4.  Rate  performance,  long-term  cycling  stability,  and  Coulombic  efficiency  of 
Li/LiCro.o5Nio.45Mni.504  half  cells  using  an  SS-316  can  and  an  Al-clad  SS-316  can,  with 
a  Celgard  K1640  PE  separator. 
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and  long-term  cycling.  In  the  rate  cycling  performance  test,  the 
charge  rate  was  C/10  for  the  first  five  cycles  and  C/5  for  all  other 
cycles,  while  discharge  rates  between  C/10  and  5C  were  used  in  the 
first  30  cycles,  and  each  rate  was  set  for  5  cycles.  Following  the  rate 
performance  test,  the  long-term  cycling  stability  was  tested  at  a  C/5 
rate  for  both  the  charge  and  discharge  processes.  Fig.  4  clearly 
demonstrates  that  the  cell  using  the  Al-clad  SS-316  can  has  higher 
specific  capacities,  much  better  rate  performance,  and  longer 
cycling  stability  than  the  cell  using  the  SS-316  can.  In  addition,  the 
Coulombic  efficiency  of  the  cell  using  the  Al-clad  SS-316  can  rea¬ 
ches  99.1%  after  only  five  cycles  and  stays  stable,  but  the  Coulombic 
efficiency  of  the  cell  using  the  SS-316  can  shows  poor  cycling  effi¬ 
ciency,  fluctuating  between  90.3%  and  95.9%  after  five  cycles.  The 
significant  improvement  in  capacity,  cycling  efficiency,  rate  capa¬ 
bility,  and  stability  clearly  shows  that  the  SS-316  cans  typically  used 
in  low-voltage  Li-ion  batteries  should  be  replaced  by  the  Al-clad 
SS-316  cans  when  a  high-voltage  cathode  (such  as  LiNio.5Mn1504 
spinel)  is  used. 

3.2.  Effect  of  separators 

Because  most  commercially  available  separators  have  been  used 
extensively  in  Li-ion  batteries  with  voltages  less  than  4.5  V,  their 
stabilities  at  higher  voltages  (e.g.,  5  V)  need  to  be  examined  before 
they  are  used  in  high  voltage  Li-ion  batteries.  Fig.  5  shows  the  CV 
curves  of  the  Li/LiCro.osNio^sMn^C^  half  cells  using  Al-clad  SS-316 
positive  cans  and  five  different  separators  including  1)  Celgard 
K1640,  2)  Celgard  2325,  3)  Celgard  2500,  4)  Celgard  3501,  and  5) 
PVDF-coated  Celgard  2500.  As  shown  in  Fig.  5,  the  CV  curves  from 
the  first  two  scans  are  almost  identical  for  cells  using  Celgard  K1640 
PE  separators,  have  slight  difference  for  the  cells  with  Celgard  2325 
PP/PE/PP  and  PVDF-coated  Celgard  2500  separators,  but  show 
significant  difference  for  the  cells  with  Celgard  3501  and  Celgard 
2500  separators.  Among  the  five  separators,  only  Celgard  3501 
(a  surface-modified  PP  membrane  with  certain  surfactants)  shows 
a  small  but  broad  oxidation  peak,  with  a  spike  at  about  4.6  V  during 
the  first  anodic  scan.  The  two  peaks  can  be  attributed  to  oxidation 
of  the  coating  materials  as  shown  by  XPS  analysis  and  discussed  in 
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Fig.  5.  CV  curves  of  Li/LiCro.osNio^sMn,  504  half  cells  using  Al-clad  SS-316  coin  cell 
cans  and  various  separators,  including  a)  Celgard  K1640,  b)  Celgard  2325,  c)  Celgard 
2500,  d)  Celgard  3501,  and  e)  PVDF-coated  Celgard  2500. 


the  next  section  of  this  paper.  For  the  cells  using  Celgard  3501  and 
Celgard  2500  separators,  the  current  density  of  the  anodic  scan 
during  the  first  scan  is  higher  than  that  in  the  second  scan  at 
voltages  greater  than  4.3  V.  This  change  in  current  density  likely 
results  from  the  reactions  (i.e.,  passivation)  among  the  active 
materials,  the  separator  and  the  electrolyte  when  the  cells  are 
charged  to  higher  voltages.  The  variation  between  the  first  and 
second  CV  scans  for  the  Celgard  2500  PP  separator  can  be  greatly 
suppressed  by  coating  a  layer  of  PVDF  as  shown  in  Fig.  5(e),  thus 
verifying  that  the  variation  between  the  first  and  second  CV  scans 
at  high  voltages  results  from  reactions  that  occurred  on  the  sepa¬ 
rator  surface. 

Fig.  6  shows  the  rate  capability  and  long-term  cycling  stability  of 
the  Li/LiCro.o5Nio.45Mni.504  half  cells  using  Al-clad  SS-316  coin  cell 
cans  and  various  separators,  including  Celgard  1(1640,  Celgard 
2325,  Celgard  2500,  Celgard  3501,  and  PVDF-coated  Celgard  2500. 
The  Columbic  efficiencies  of  the  first  charge/discharge  cycle  are  in 
the  order  of  66.4  ±  1.3%  for  Celgard  3501  <82.2  ±  4.1%  for  Celgard 
2500  <84.9  ±  5.3%  for  Celgard  2325  <86.3  ±  0.1%  for  PVDF-coated 
Celgard  2500  <89.6  ±  2.4%  for  Celgard  K1640.  The  capacity 
retention  at  low  C-rates  (i.e.  C/10,  C/5,  C/2  and  1C)  has  the  same 
trend  (Celgard  3501  <  Celgard  2500  <  Celgard  2325  <  PVDF-coated 
Celgard  2500  <  Celgard  K1640).  Higher  initial  irreversible  capacity 
corresponds  to  lower  capacity  retention.  It  corroborates  that  there 
is  a  little  active  material  loss  in  the  initial  cycle  due  to  the  afore¬ 
mentioned  reactions  among  the  active  material,  electrolyte  and 
separators.  Among  the  cells  with  the  five  separators,  the  cell  with 
the  Celgard  3501  separator  exhibits  the  lowest  first-cycle  Columbic 
efficiency,  the  lowest  capacity  at  low  rates,  and  the  second  poorest 
high-rate  performance.  The  main  reason  for  this  poor  performance 
is  the  instability  of  the  surface-coated  surfactant  at  high  voltages. 
The  cell  with  the  Celgard  K1640  PE  separator  shows  the  highest 
first-cycle  efficiency,  which  also  is  much  higher  than  the  results 
reported  in  literature  [6,8,9,13],  and  also  the  highest  capacity,  high- 
rate  capability,  and  long-term  cycling  stability.  This  result  demon¬ 
strates  that  PE  is  very  stable  at  high  voltages.  The  cell  with  the 
Celgard  2500  separator,  which  is  PP,  exhibits  low  capacity,  fast 
capacity  fading,  and  the  poorest  high-rate  performance.  Its 
performance  is  even  worse  than  the  cells  with  Celgard  3501 
separator  when  the  current  rate  is  over  2C,  which  indicates  that  PP 
is  not  stable  at  high  voltages.  In  terms  of  first-cycle  efficiency, 
capacity,  cycling  stability,  and  rate  capacity,  the  cells  with  a  Celgard 


Fig.  6.  Rate  performance  and  long-term  cycling  stability  of  Li/LiCro.osNio^Mn,  504  half 
cells  using  Al-clad  SS-316  positive  cans  and  various  separators,  including  Celgard 
K1640,  Celgard  2325,  Celgard  2500,  Celgard  3501,  and  PVDF-coated  Celgard  2500. 
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2325  separator,  which  is  a  PP/PE/PP  trilayer,  performed  much 
better  than  the  cells  with  a  Celgard  2500  PP  separator.  This  finding 
indicates  that  incorporating  stable  PE  into  a  PP  membrane  can 
significantly  improve  the  performance  of  PP  against  oxidation  at 
high  voltages,  and  especially  the  high-rate  capability;  although,  the 
cell  with  a  PP/PE/PP  separator  still  exhibits  lower  capacity  than 
a  cell  with  the  PE  separator.  The  performance  of  the  cells  with 
Celgard  2500  PP  membrane  can  be  improved  further  by  coating 
with  a  thin  layer  of  PVDF  on  the  membrane  surface.  The  cell  with 
a  PVDF-coated  Celgard  2500  separator  exhibited  a  slightly  lower 
capacity  than  a  cell  with  the  Celgard  K1640  separator  but  slightly 
higher  capacity  than  a  cell  with  the  Celgard  2325  separator.  Cells 
with  these  three  separators  show  nearly  the  same  high-rate 
performances  at  a  5C  rate. 

Regarding  long-term  cycling  stability,  cells  with  Celgard  K1640 
and  PVDF-coated  Celgard  2500  separators  have  the  highest  cycling 
stability,  with  only  0.01%  capacity  fading  per  cycle  after  the  rate 
performance  test  for  both  separators.  The  cell  with  a  Celgard  2325 
separator  exhibits  a  slightly  lower,  but  still  good,  stability  of  0.02% 
capacity  fading  per  cycle  after  the  rate  performance  test.  However, 
cells  with  Celgard  2500  and  Celgard  3501  separators  exhibited  poor 


cycling  stability  after  rate  performance  tests  (0.05%  and  0.07% 
capacity  fading  per  cycle,  respectively). 

To  further  investigate  the  fundamental  mechanism  that  affects 
the  performance  of  the  cells  with  different  separators,  the  surface 
conditions  of  these  separators  before  and  after  cycling  were 
analyzed  by  XPS,  and  the  results  are  compared  in  Fig.  7.  As  for  the 
fresh  separators  before  cycling  (shown  as  the  bottom  curves  in 
each  figure  box),  the  uncoated  separators  (Celgard  K1640,  2325, 
and  2500)  have  only  a  carbon  (C)  element,  indicating  a  pure 
polyolefin  structure.  Celgard  3501  shows  extra  peaks  for  silicon 
and  oxygen,  which  indicate  some  of  the  components  of  the 
surfactant  used  for  the  coating.  The  PVDF-coated  Celgard  2500 
separator  shows  high-intensity  F  and  reduced  C,  which  is  consis¬ 
tent  with  the  ratio  of  C/F  in  PVDF.  After  cycling,  the  XPS  spectra  of 
all  the  separators,  except  for  the  Celgard  K1640  PE  separator,  show 
a  significant  increase  in  the  peak  intensity  of  O.  More  importantly, 
new  peaks  corresponding  to  Li,  P,  and  F  also  are  found  in  these 
spectra  of  the  cycled  separators,  which  are  additional  strong 
evidence  that  the  reactions  occur  between  the  separators  and 
electrolyte  components  during  cycling,  especially  during  the 
charging  process. 
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Fig.  7.  XPS  spectra  of  a)  Celgard  K1640,  b)  Celgard  2325,  c)  Celgard  2500,  d)  Celgard  3501,  and  e)  PVDF-coated  Celgard  2500  separators  before  and  after  cycling  in  Li/LiCro.os 
Nio.45Mn1504  half  cells  using  Al-clad  SS-316  coin  cell  cans. 
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For  the  cycled  Celgard  1640  PE  separator,  the  intensities  of  the 
new  XPS  peaks  for  O  and  F  between  300  and  1200  eV  are  much 
smaller  than  those  005611/60  in  other  cycled  separators.  This  finding 
is  consistent  with  the  CV  and  cell  performance  results  shown  in 
Figs.  5  and  6  in  which  cells  using  the  Celgard  K1640  PE  separator 
demonstrate  the  most  stable  electrochemical  behavior.  The  results 
discussed  above  indicate  that  the  surface  reactions  between  the 
electrolyte  and  the  separators  produce  deposits  on  the  surface  of 
the  separators,  especially  on  PP/PE/PP,  PP,  and  surfactant-coated  PP 
(see  Fig.  7(b)— (d)).  These  deposits  will  increase  the  cell  impedance 
and  lead  to  poor  rate  capability  (see  Fig.  6).  On  the  other  hand, 
a  small  amount  of  reaction  product  is  observed  on  the  cycled  PVDF- 
coated  PP  and  PE  separators  (see  Fig.  7(a)  and  (e)),  which  means 
that  the  PVDF  and  PE  surfaces  are  stable  to  the  non-aqueous  elec¬ 
trolyte  (1M  LiPFg  in  EC/EMC  (3:7  in  volume))  at  voltages  as  high  as 
4.9  V  vs.  Li/Li+  used  in  this  work.  Among  the  various  separators 
investigated  in  this  work,  the  PE  separator  is  the  best  candidate  for 
use  in  high-voltage  Li-ion  batteries. 

FTIR  was  used  to  further  study  the  oxidation  products  on  the 
separators  and  the  results  are  compared  in  Fig.  8.  Celgard  K1640 
and  Celgard  2325  separators  show  identical  FTIR  spectra  before  and 


after  cycling  (Fig.  8(a)  and  (b)),  which  corroborates  the  above  XPS 
results.  Compared  to  the  fresh  separators  before  cycling  (shown  as 
the  bottom  curves  in  each  figure  box),  Celgard  2500  and  PVDF- 
coated  Celgard  2500  separators  after  cycling  have  three  new 
peaks  (indicated  by  arrows  in  Fig.  8(c)  and  (e)),  characteristic  for 
P=0  stretching  at  1275  cm  1  and  P—O  bending  at  940  citT1  and 
750  cm-1  [24,25],  The  new  bonds  of  P=0  and  P—O  existing  at  the 
surface  of  these  two  separators  clearly  indicate  the  reactions  of  the 
separators  and  the  electrolyte  at  the  surface  of  the  cathode  and  at 
high  voltages  because  the  phosphorus  element  only  exists  in 
electrolyte  solute  LiPF6.  This  result  is  also  consistent  with  the  XPS 
results  that  show  new  elements  (F  and  P)  on  the  surfaces  of  sepa¬ 
rators,  where  the  new  elements  are  from  the  reactions  among 
separators,  electrolyte  components  and  active  electrode  materials, 
but  not  from  the  electrolyte  adsorption  because  all  tested  separator 
samples  were  thoroughly  washed  with  EMC  and  dried.  SEM  images 
in  Fig.  9  shows  that  PVDF  coating  does  not  completely  cover  the 
Celgard  2500  surface  therefore  phosphorus  element,  solely  from 
LiPFg  solute,  is  detected  by  FTIR  in  both  cases.  However,  the  main 
disadvantage  of  PP-based  separator  is  that  PP  itself  is  easily 
oxidized  at  high  voltages  (as  will  be  discussed  in  the  following 
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Fig.  8.  FTIR  spectra  of  a)  Celgard  K1640,  b)  Celgard  2325,  c)  Celgard  2500,  d)  Celgard  3501,  and  e)  PVDF-coated  Celgard  2500  separators  before  and  after  cycling  in  Li/LiCr0.os 
Nio  ^Mn]  504  half  cells  using  Al-clad  SS-316  coin  cell  cans. 
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Fig.  9.  SEM  images  of  (a)  Surface  and  (b,  c)  cross-section  of  Celgard  2500  and  (d)  Surface  and  (e,  f)  cross-section  of  PVDF-coated  Celgard  2500. 


section  about  simulated  calculations  about  HOMO  energies  of  PE, 
PP  and  PVDF)  and  reacts  with  the  electrolyte  components  such  as 
carbonate  solvents  and  LiPFg  salt  leading  to  the  increased  imped¬ 
ance  of  the  cell.  After  coating  PVDF  on  Celgard  2500,  although  not 
fully  covered,  direct  contact  between  PP  and  LiPFg/carbonate  is 
largely  reduced,  and  thus  greatly  improved  electrochemical 
behaviors  are  observed. 

As  demonstrated  by  the  XPS  result,  silicon  element  exists  in  the 
surface  coating  of  Celgard  3501  separator.  In  FTIR  spectrum,  char¬ 
acteristic  peaks  of  Si— O— H  stretching  at  3292  cm-1,  Si— O— C 
bending  at  1638  citT1  and  Si— O— Si  stretching  at  1101  cm-1 
[26—29]  are  also  found  for  fresh  separator  (as  indicated  by  arrows 
in  the  bottom  curve  of  Fig.  8(d)).  After  cycling,  these  peaks  related 
to  the  silicon  compound  as  surfactant  on  Celgard  3501  separator 
disappear.  The  loss  of  these  peaks  means  the  surfactant  on  Celgard 


3501  is  not  stable  with  the  electrolyte  and  active  electrode  mate¬ 
rials  at  high  voltages.  The  poor  stability  of  the  surfactant  on  Celgard 
3501  results  in  the  significantly  low  initial  efficiency  of  cells  using 
Celgard  3501  as  the  separator. 

Since  the  basic  materials  in  the  above  five  separators  are  PP, 
PE  and  PVDF,  to  further  understand  the  electrochemical  stability 
difference  of  PE,  PP  and  PVDF  separators,  the  HOMO  and  LUMO 
energies  of  the  model  polymers  (PE,  PP,  and  PVDF)  materials  were 
calculated  using  DFT  method.  All  calculations  were  performed  using 
Gaussian  09  program  [30]  at  the  B3LYP/6-31G*  (d,p)  level.  Because 
previous  DFT  calculations  indicated  that  the  calculations  of  HOMO 
and  LUMO  energy  levels  for  PE  and  PP  were  weakly  dependent  on  the 
basis  set  used  or  the  actual  geometry  (isolated  chain  or  bulk  poly¬ 
ethylene)  [31,32],  the  PE,  PP,  and  PVDF  polymers  were  modeled  using 
one-dimensional  chain  molecules  in  this  work,  i.e.,  CH3(CH2)6CH3, 
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Fig.  10.  The  optimized  geometries  of  model  PE  (a),  PP  (b)  and  PVDF  (c)  molecules. 


CH3[CH(CH3)CH2]3CH3  and  CH3(CF2CH2)3CH3.  Fig.  10  shows  the 
optimized  structures,  Table  1  lists  the  calculated  HOMO  and  LUMO 
energies  and  LUMO— HOMO  energy  gaps,  and  Table  2  lists  the  Mul- 
liken  atomic  charges  of  each  atom  on  each  model  molecule  for  PE,  PP 
and  PVDF.  These  eigenvalues  of  LUMO  and  HOMO  energies  and  their 
energy  gaps  reflect  the  chemical  activity  and  oxidation  potentials  of 
the  materials.  HOMO  as  an  electron  donor  represents  the  ability  to 
donate  an  electron  while  LUMO  as  an  electron  acceptor  represents 
the  ability  to  obtain  an  electron.  The  smaller  the  LUMO  and  HOMO 
energy  gaps,  the  easier  it  is  for  the  HOMO  electrons  to  be  excited;  the 
higher  the  HOMO  energies,  the  easier  it  is  for  HOMO  to  donate 
electrons  (being  oxidized);  the  lower  the  LUMO  energies,  the  easier 
it  is  for  LUMO  to  accept  electrons  (being  reduced).  As  shown  in 


Table  1 

The  calculated  HOMO,  LUMO  energies  and  LUMO-HOMO  gaps  for  PE,  PP  and  PVDF. 


Molecule 

Ehomo  (eV) 

Elumo  (eV) 

ElUMO-HOMO  gap  (eV) 

PE 

-8.07 

2.46 

10.53 

PP 

-6.91 

1.98 

8.89 

PVDF 

-8.49 

1.64 

10.13 

Table  2 

DFT  calculated  Mulliken  charges  (in  |e|)  of  each  atom  in  PE,  PP  and  PVDF. 


PE 

PP 

PVDF 

Atom 

Charge 

Atom 

Charge 

Atom 

Charge 

Cl 

-0.316 

Cl 

-0.323 

Cl 

-0.332 

HI 

0.105 

HI 

0.104 

HI 

0.107 

H2 

0.099 

H2 

0.100 

H2 

0.126 

H3 

0.100 

H3 

0.099 

H3 

0.127 

C2 

-0.176 

C2 

-0.172 

C2 

-0.227 

H4 

0.090 

H4 

0.094 

H4 

0.108 

H5 

0.089 

H5 

0.087 

H5 

0.112 

C3 

-0.170 

C3 

-0.036 

C3 

0.618 

H6 

0.086 

H6 

0.082 

FI 

-0.307 

H7 

0.086 

C4 

-0.324 

F2 

-0.303 

C4 

-0.171 

H7 

0.098 

C4 

-0.290 

H8 

0.091 

H8 

0.099 

H6 

0.132 

H9 

0.086 

H9 

0.100 

H7 

0.128 

C5 

-0.174 

C5 

-0.180 

C5 

0.615 

H10 

0.087 

H10 

0.083 

F3 

-0.304 

Hll 

0.087 

Hll 

0.087 

F4 

-0.297 

C6 

-0.166 

C6 

-0.067 

C6 

-0.295 

H12 

0.087 

H12 

0.083 

H8 

0.132 

H13 

0.087 

C7 

-0.314 

H9 

0.133 

C7 

-0.173 

H13 

0.103 

C7 

0.599 

H14 

0.091 

H14 

0.095 

F5 

-0.314 

H15 

0.091 

H15 

0.096 

F6 

-0.298 

C8 

-0.317 

C8 

-0.148 

C8 

-0.362 

H16 

0.101 

H16 

0.082 

H10 

0.121 

H17 

0.101 

H17 

0.080 

Hll 

0.129 

H18 

0.099 

C9 

-0.063 

H12 

0.142 

H18 

0.088 

CIO 

-0.310 

H19 

0.096 

H20 

0.098 

H21 

0.097 

Cll 

-0.310 

H22 

0.098 

H23 

0.102 

H24 

0.096 

Table  1,  the  HOMO  energy  of  PP  is  higher  than  those  of  PE  and  PVDF, 
suggesting  that  both  PE  and  PVDF  are  electrochemically  more  stable 
( against  oxidation )  than  PP.  This  is  consistent  with  our  experimental 
observation.  On  the  other  hand,  as  shown  in  Table  2,  the  absolute 
values  of  the  calculated  Mulliken  charges  of  C  atoms  of  the  CH  groups 
in  PP  molecule  are  in  the  range  of  0.03  ~  0.07  |e|,  which  are  smaller 
than  the  corresponding  charges  in  absolute  values  (0.15  ~  0.61  |e|)  of 
C  atoms  in  CH2,  CH3  and  CF2  groups.  One  can  assume  that  the  lower 
absolute  value  of  the  Mulliken  atomic  charge  means  the  higher 
possibility  of  being  further  oxidized  [33].  Therefore,  the  higher 
electrochemical  activity  of  the  CH  group  in  PP  might  be  the  possible 
cause  for  lower  oxidation-resistant  stability  of  the  PP  material. 

4.  Conclusions 

The  results  from  our  systematic  investigations  of  the  inactive 
materials  in  batteries  (including  coin  cell  positive  cans  and  sepa¬ 
rators)  indicates  that  every  component  used  in  conventional  Li-ion 
batteries  have  to  be  re-examined  when  high  voltage  (i.e.,  >4.5  V) 
cathodes  such  as  LiNio.sMn!  5O4  are  used.  For  such  high-voltage 
batteries,  the  batteries  with  Al-clad  SS-316  positive  cans  exhibit 
much  better  electrochemical  stability  than  batteries  with  the  bare 
SS-316  positive  cans,  which  exhibit  additional  anodic  oxidations. 
The  improved  stability  is  mainly  due  to  the  thin,  but  dense,  alumina 
protective  layer  on  the  surface  of  the  Al-clad  positive  can  that  is 
stable  against  oxidation  at  high  voltages.  A  further  investigation  of 
the  electrochemical  stability  of  separators  indicates  that  PE-based 
separator  (such  as  Celgard  K1640)  is  the  most  stable  separator 
among  five  different  separators  investigated  for  high-voltage  spinel 
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cathode  materials.  The  surface  reactions  occurring  among  the 
active  material,  the  separator  and  the  electrolyte  at  high  voltages 
may  lead  to  undesired  deposits  on  the  surface  of  the  separators. 
Such  surface  deposits  are  detrimental  to  the  first-cycle  efficiency, 
capacity,  rate  capability,  and  long-term  cycling  stability  of  high- 
voltage  Li-ion  batteries.  To  study  high  voltage  cathode  materials, 
a  stable  separator  should  be  used  to  avoid  the  side  reactions  which 
may  have  detrimental  effects  on  the  electrochemical  performance 
of  the  testing  cells. 
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